Population studies assume that individuals belonging to a study population are homogeneous for natal and breeding origin, although this assumption is rarely tested. We tested for heterogeneity in stable-isotope profiles (δ 15 N, δ 13 C, δD) of feathers grown in the African winter quarters from a Danish breeding population of adult barn swallows, Hirundo rustica. Deuterium isotope values did not provide useful information on population segregation of wintering swallows in Africa. However, both δ 15 N and δ
INTRODUCTION
Migratory animals live in different places at different times of the annual cycle, and attempts to understand their ecology and evolution rest upon an ability to link environmental conditions in these disparate parts of the range. Migratory connectivity describes the actual migration of individuals between breeding and non-breeding seasons, including stopover sites during the periods of migration (Webster et al. 2002) . The degree of connectivity reflects the extent to which different reproducing populations form non-breeding populations during migration and in the winter quarters. The degree of population differentiation for connectivity has important implications for the ecology and evolution of migratory species.
Several different methods have been used to link the different parts of the annual cycle of different populations of a species. Direct methods to assign wintering origin of individuals to breeding populations include cases of morphologically distinct subspecies; direct information based on recoveries of individually ringed birds and satellite tracking of individuals (see the review in Webster et al. 2002) . Recoveries may provide a biased estimate of winter distributions of different populations, because distribution and density of recoveries will depend on socio-economic status, human population density, literacy and many other factors. Indirect methods based on genetic and biogeochemical techniques may offer suitable solutions in the numerous cases where direct methods fail.
Previous studies using molecular markers have shown that such markers for different populations allow assignment of individuals (e.g. Burlando et al. 1996; Wennerberg 2001) . Studies of the composition of a single population can be used to assign individuals to different populations based on maximum-likelihood approaches (Primmer et al. 2000; Hansen et al. 2001; Vázquez-Domínguez et al. 2001) . Several studies of stable isotopic ratios have been able to identify movements of populations of animals because profiles reveal information on the wintering origin of individuals due to site-specific isotope profiles in tissue such as hair or feathers (see the review in Hobson 1999) . This technique has been based largely on the use of stable-carbon and nitrogen isotope measurements to provide habitat-specific markers and more recently on the pattern of growing-season averages of deuterium in rainfall in North America (Hobson 2004) . Thus, differences in locations where feathers or hair are grown will be reflected in differences in isotope profiles of those areas. Studies of such isotope profiles have been used to delineate separate parts of the breeding and wintering range of populations of birds (see Chamberlain et al. 1997 Chamberlain et al. , 2001 Hobson & Wassenaar 1997 Marra et al. 1998; Meehan et al. 2001; Rubenstein et al. 2002) . Some of these findings have corroborated direct evidence of separate breeding and wintering grounds for different subspecies of migratory birds (Chamberlain et al. 2001) . Others have provided completely novel information about differentiation and levels of connectivity (e.g. Chamberlain et al. 1997; Rubenstein et al. 2002) . In other words, if breeding birds have different isotope values (and thus differ in wintering origins), then they may also have different natal origins. Thus, different methods can be useful tools when investigating the composition of breeding and wintering populations.
Sympatric individuals of a species are usually considered to belong to a single population. Thus, population studies in ecology and evolution habitually make this assumption, although this is an untested assumption. Even in species with migratory divides, or in species with neighbouring subspecies there is some gene flow across boundaries. Hence, any population will contain a certain number of immigrants, of which some have arrived from far away. Population assignment tests based on molecular data have been used to identify such immigrant individuals (see Primmer et al. 2000; Hansen et al. 2001; Vázquez-Domínguez et al. 2001) . To the best of our knowledge, nobody has used stable isotopes to distinguish individuals of different wintering origin, when breeding in sympatry.
The aims of this study were to test if a breeding population of barn swallows, Hirundo rustica, was homogeneous for stable isotope profiles. We assessed whether stable isotope values had bimodal distributions. Second, because that was the case for two elements (C, N), the second aim of the study was to determine to what extent adults belonging to the two categories of birds differed in phenotype. Third, we tested whether conditions in the African winter quarters, as inferred from feather stable isotope values, had carry-over effects on reproduction by investigating the difference in reproductive success and offspring phenotype between isotope profile categories and so tested directly the Seasonal Interaction Hypothesis proposed by Webster et al. (2002) . This hypothesis suggests that environmental conditions during migration and in winter may have carry-over effects to the breeding areas. We had no a priori predictions concerning the ability of each of these isotope profiles to explain variation in adult and nestling phenotype, respectively.
MATERIAL AND METHODS

(a) Study species
The barn swallow is a small (ca. 20 g), socially monogamous, semi-colonial passerine feeding on insects caught on the wing. Barn swallows feed on large insects, mainly Diptera, which are difficult to catch and hence require a considerable amount of manoeuvrability and agility (Møller 1994) . Danish barn swallows arrive from the South African winter quarters in AprilJune, and return in August-October (Møller 1994) . Males and females build a nest inside buildings, where the female lays a clutch of 1-7 eggs, usually 4-5 eggs, which are incubated for 14 days by the female. Both males and females feed the nestlings for 21 days and an additional 7 days after fledging. More than 60% lay a second clutch. Barn swallows breed solitarily or in colonies of up to more than 120 pairs. The outermost tail feathers are on average ca. 20% longer in adult males than in females in the Danish population, whereas other morphological characters are of similar size (Møller 1994 ). Long-tailed males enjoy a mating advantage, as demonstrated by observations and experiments (Møller 1988 (Møller , 1994 Saino et al. 1997a ).
(b) Study area
Data were collected at 12 different colonies in a study area of ca. 45 km 2 at Kraghede (57°12Ј N, 10°00Ј E), Denmark (see Møller 1994 for details) . This study population of barn swallows has been the subject of a long-term study that began in 1970 (Møller 1994) , although the present study is based only on data from 2000. The study site is an open farmland habitat with barn swallows breeding in barns and stables, and only rarely elsewhere under bridges and in culverts. The fields and scattered trees around farms comprise most of the area, with the exception of a few plantations, ponds, ditches and streams. The main crops are grass, barley, wheat and potatoes.
(c) Collecting feathers
Upon capture, we took a sample of feathers from the central part of the red throat badge of each adult individual. These feathers were originally collected to allow measurement of coloration in the laboratory under controlled conditions. There is no reason to believe that the isotope profile of these feathers would have been affected by coloration being partly determined by carotenoids. First, the concentration of carotenoids in feathers is very low (A. P. Møller, unpublished data). Second, a field study of preference for carotenoid-rich food during the breeding season by adult barn swallows revealed significantly fewer carotenoids in food compared with random insect samples collected from the same micro-sites at the same time as barn swallows were foraging (Ninni 2003) . The feathers for each bird were stored at room temperature in a plastic bag in complete darkness until measurements were made. The feathers of the badge of adult barn swallows are moulted in the African winter quarters (Cramp 1988; A. P. Møller, unpublished data from South Africa, Namibia and Ghana).
(d ) Recording adult phenotype
Adult barn swallows were captured in mist nets from the start of the breeding season. Barn swallows were captured regularly (at least weekly) from the start of arrival in spring. This allowed phenotypes to be measured at spring arrival from the African winter quarters before any effects of the breeding site on flexible phenotypic traits such as body mass, infestation with parasites and damage to tail feathers had appeared. If not a local recruit, they were provided with a numbered aluminium band and one or two colour bands used for individual identification. Phenotypic traits were measured in a standardized way by A.P.M. Beak length was measured to the start of feathering, beak height at the distal end of the nares and beak width at the commissure, all with a digital caliper to the nearest 0.01 mm. Tarsus length and keel length were measured with the same instrument. The length of the two outermost and the central tail feathers and the flattened wings was measured with a ruler to the nearest millimetre. Body mass was recorded to the nearest 0.1 g on a Pesola spring balance. Wing length was estimated as the mean of the right and the left wing, whereas tail length was estimated as the mean of the right and the left outermost tail feather. Wing asymmetry was estimated as the absolute difference between the length of the left and the right wing, whereas tail asymmetry was estimated as the absolute difference between the length of the left and the right outermost tail feather.
Wingspan was measured to the nearest millimetre on a ruler by stretching the wings to their maximum possible length. All morphological characters were measured with high precision as shown by high repeatabilities (Møller 1991 (Møller , 1994 Møller et al. 1995; unpublished data) .
Individuals with broken or damaged feathers were excluded from the analyses. The tip of the outermost tail feathers of barn swallows is rounded, being composed of small barbs, and any broken barb leaves an irregular shape of the feather that is readily visible. The number of birds with damaged feathers was less than 3% in any given year, which is thus unlikely to have biased the analyses.
The number of fault bars in the tail and wing feathers was counted by observing the feathers against the sky and recording the number of transparent bars in the feathers (Møller 1989; Bortolotti et al. 2002) .
(e) Recording nestling phenotype When nestlings of the first brood were 12 days old, their tarsus length and body mass were recorded as described above.
At the age of 12 days, all nestlings were injected intradermally in the wing web (the patagium) with 0.2 mg of phytohaemagglutinin-P (PHA) (Sigma, L-8754, Sigma Inc., USA) in 0.04 ml isotonic saline (the antigen injection). The left wing web was injected with the same amount of saline only (a control injection). The thickness of wing webs was measured immediately before and 24 h after injection in inoculated sites using a pressure sensitive caliper known as a spessimeter (Alpa S.p.A., Milano, cod. SM112, Teclock, Japan) with an accuracy of 0.01 mm. The reaction to PHA was controlled for the effect of injection per se and thickening owing to saline injection. This was done by calculating the difference between the change in thickness of the right PHA-injected wing web (thickness 24 h after injection minus thickness before injection) and the corresponding change in thickness of the left wing web, only injection with saline. This procedure followed Saino et al. (1997b) in their study of barn swallows. The thickness of the wing web was measured three times before and after PHA injection, and the average of these three measurements was used in calculations. The repeatability of the wing web index was high and highly significant (Saino et al. 1997b ).
(f ) Recording reproductive success and survival
Nests were checked at least once per week, and daily around the presumed date of hatching and fledging. Seasonal production of offspring was simply the number of fledglings in the first and the second brood.
Approximately only two-thirds of all pairs raise two broods in a season, usually using the same nest or building a new nest next to the old one (Møller 1994) .
Adult survival was recorded from recaptures or from re-sightings of colour-banded individuals in subsequent years. Capturemark-recapture analyses of survival have shown that the capture probability of already-ringed birds is 98.5% (Møller & Szép 2002) . Thus, simple records of birds provide a very good estimate of their true survival rate.
(g) Isotope analyses
Feathers were analysed blind for any data on individuals. Feathers were first cleaned of surface oils using several rinsings in a 2 : 1 chloroform : methanol solution followed by air drying in a fume hood for several days. Feather vanes were then subsampled and 0.1 mg weighed into small tin cups. These samples were then combusted in a Robo-Prep elemental analyser interfaced with a Europa 20 : 20 isotope-ratio mass spectrometer.
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The resultant CO 2 and N 2 gases were measured for their stable isotope ratios in δ-notation relative to PDB (Pee Dee Belemnite) and atmospheric AIR (nitrogen) standards, respectively, according to the formula presented in Hobson (1995) . Based on thousands of measurements of an internal laboratory standard (egg albumen) we estimated measurement error to be 0.1‰ and 0.3‰ for δ 13 C and δ 15 N measurements, respectively. Stable-hydrogen isotope analyses of feathers are complicated over conventional measurements of δ 13 C and δ 15 N because of the problem of uncontrolled isotopic exchange between samples and ambient water vapour (Wassenaar & Hobson 2000) . Elsewhere, we describe how we routinely use keratin standards as a means of correcting for this effect so that the values reported here are equivalent to non-exchangeable feather hydrogen (Wassenaar & Hobson 2004) . Briefly, this process involves the simultaneous measurement of unknowns with several replicates of three different keratin standards whose non-exchangeable δD values are known and which span the range of expected feather values. Algorithms generated from each run that relate δD values of unknowns to their expected non-exchangeable values are then used on a run-by-run basis.
Stable-hydrogen isotope measurements on feathers and keratin standards were performed on H 2 derived from hightemperature flash pyrolysis of feathers and CF-IRMS. Pure H 2 was used as the sample analysis gas and the isotopic reference gas. A Eurovector 3000 high temperature elemental analyser (EA) with autosampler was used to automatically pyrolyse feather samples to a single pulse of H 2 gas (and N 2 and CO gas). The resolved H 2 sample pulse was then introduced to the isotope ratio mass spectrometer (Micromass Isoprime with electrostatic analyser) by an open split capillary. All δD results are expressed in the typical delta notation, in units of per mil (‰), and normalized on the VSMOW-SLAP (Vienna Mean Standard Ocean Water-Standard Light Antarctic Precipitation) standard scale. Repeated analyses of hydrogen isotope inter-comparison material IAEA-CH-7 (Ϫ100‰), routinely included as a check, yielded an external repeatability of better than ±1.5‰.
(h) Statistical analyses
Not all variables were measured for all individuals because some characters were broken or damaged. This resulted in slightly different sample sizes for the different tests.
Frequency distributions were used to investigate whether stable isotope profiles showed signs of bimodality. The isotope variables were subsequently dichotomized to allow them to be used as factors in analyses of variance. As there was no overlap in the frequency distributions between the two categories of individuals (figure 1), this dichotomization could be performed unambiguously. We used a stepwise forward procedure using full factorial models to find the simplest model that provided the best fit to the data. Dependent variables were phenotypic traits of adults and nestlings and reproductive variables, whereas sex and the dichotomized δ 13 C and δ 15 N variables were used as factors.
We used the sequential Bonferroni correction to assess the tablewide type I error rate by adjusting the significance level downwards for the number of tests made (Holm 1979; Wright 1992) . Strict application of this method severely reduces the power of tests (Wright 1992 ), but such sacrificial loss of power can be avoided by choosing an experiment-wise error rate higher than the usually accepted 5%. We used 10% as suggested by Wright (1992) and Chandler (1995) . 
RESULTS
(a) Frequency distribution of and covariation among stable isotopes The feather stable-carbon and nitrogen isotope values showed bimodal frequency distributions. Both δ 13 C and δ Because δD values provided little information on population subdivision, we did not estimate this isotope for more than half of the total sample. We do not use this variable in the remaining part of this paper.
(b) Adult phenotype and isotope profile
We investigated whether the phenotype of adults was significantly related to δ 13 C and δ 15 N isotope signals, using ANOVAs with the dichotomized δ 13 C and δ 15 N variables and sex as factors. The results are summarized in table 1. We made a principal component analysis (PCA) to obtain an estimate of overall body size. Using a varimax rotation we found an eigenvalue of 2.808 for PC1, explaining 23.4% of the variance. PC1 was strongly positively correlated with wing length (r = 0.880), wingspan (r = 0.916), tail length (r = 0.730) and keel length (r = 0.614), suggesting the assumption that this component reflects body size. We found weak significant differences for beak height, beak width, tail length and PC1 as an overall measure of body size for isotope profile ( 
(d ) Nestling phenotype and stable isotope profile
Tarsus length differed significantly between the two categories of δ 15 N profiles, with nestlings in the 'rare' group having longer tarsi than nestlings from the 'common' group (figure 2a). Mean tarsus length differed by on average 0.9%. Nestling body mass showed a difference for δ 15 N (figure 2b). Nestlings in the 'rare' group were heavier than nestlings in the 'common' group, differing, on average, by 13.4%. However, the strongest response was found for T-cell-mediated immune response (figure 2c). Nestlings from the 'rare' group had a weaker T-cell response than nestlings from the 'common' group, differing on average by 26.7%. Because the three phenotypic characters of nestlings are positively correlated, we investigated the independent relationships between nestling phenotype and δ 15 N category, while entering the other two characters as covariates. The analyses confirmed that there were significant and independent relationships between nestling phenotype and δ 15 N category even when controlling for the effects of the other two variables (table 2).
DISCUSSION
The main findings of this study were as follows: (i) stable-carbon and nitrogen isotope profiles of barn swallows from a Danish population showed bimodal distributions with a small fraction of adults differing from the rest; (ii) adult barn swallows belonging to these isotope categories differed in terms of morphology, the frequency of fault bars, and colony size where breeding; (iii) adult barn swallows from the δ 13 C isotope categories differed in terms of frequency and size of second broods; and (iv) the phenotype of nestlings from first broods differed significantly between the δ 15 N isotope categories of parents. We had no a priori predictions concerning the ability of each of these isotope profiles to explain variation in adult and nestling phenotype, respectively. We will discuss each of these findings in the following paragraphs. Contrary to the strong latitudinal relationships observed between growing-season precipitation δD and the δD values of feathers grown in North America, we found there to be relatively high variability in δD values of swallow feathers grown on the wintering grounds in Africa. We also found no relationship between feather δD values and their δ 13 C and δ 15 N values, both indicators of local environmental conditions and food webs. The mean feather δD value of Ϫ30.3‰ (±19.4‰) corresponds reasonably well with feather isotopic distributions expected from South Africa for the months of August through to November (i.e. ca. Ϫ5‰ after accounting for a feather to precipitation fractionation factor of Ϫ25‰; ) based on our analysis of regional maps of stable isotope data from the Global Network for Isotopes in Precipitation (GNIP) over the 1961 -1999 period (IAEA 2001 . We suspect that the high δD variance in our sample represents high local variability in feather δD values possibly associated with local dynamics of deuterium in water bodies over the wintering ranges of our swallow population (e.g. Zeigler 1988 ). For the purposes of this paper, we consider our inferences based only on the better-understood δ 13 C and δ 15 N associations between bird tissues and habitat conditions in Africa to be the most parsimonious.
Proc. R. Soc. Lond. B (2004) We propose that the rare and common isotope categories of barn swallows winter in different parts of Africa. This assumption is based on the observation that isotope profiles differ between different parts of Africa (Cramp 1988) , and that barn swallows from different breeding areas winter in different parts of Africa. Hence, barn swallows breeding in some parts of Europe are likely to consist of birds with a mix of winter ranges. Barn swallows from the Western Palaearctic winter mainly in sub-Saharan Africa (Cramp 1988) . Populations from different parts of Europe use different winter quarters with a match of the west to east gradient in breeding distribution and wintering distribution, and northern breeding populations wintering further south than southern breeding populations (A. P. Møller, unpublished data). The present study provided evidence of a breeding population with clearly dichotomous isotope profiles. A small fraction of the breeding population differed markedly from most of the population, and extreme individuals for one isotope were not generally extreme individuals for the other isotope (figure 1). The distributions of both δ 13 C and δ 15 N values had very large variances, with a 12.5‰ for δ 13 C and 7.5‰ for δ 15 N. In comparison, variation in δ 13 C values for the entire breeding range of eastern North America is only 5.5‰ (Rubenstein et al. 2002) , whereas it is 6‰ for δ 15 N (D. R. Rubenstein, personal communication) . This suggests that: (i) there is a huge variation in δ 13 C and δ same part of Africa. Because the barn swallow moults in the African winter quarters (Møller 1994) , the simplest interpretation of these findings is that at least two sympatric populations of barn swallows with different winter quarters co-occur in the Danish breeding population. Such cryptic sympatry of breeding populations revealed Proc. R. Soc. Lond. B (2004) by isotope profiles alone has never been reported previously for migratory birds. The exact location of the different winter quarters remains to be determined, although winter recoveries of Danish barn swallows have been mainly in South Africa. Because the percentage of aberrant phenotypes amounted to only 6% of the adults, the total number of these individuals was relatively small. Hence, the results of the statistical tests should be considered with caution.
If the two groups of individuals differing with respect to stable isotopes were differentiated, we should be able to identify phenotypic differences. Analyses of phenotypic differences between isotope profile groups provided weak evidence of such differentiation (table 1) . Once the statistical tests had been corrected for multiple tests using Bonferroni correction, only two weak interactions between δ 13 C and sex remained statistically significant. If the winter quarters differ in suitability, we should expect condition to differ among individuals belonging to the isotope categories. Indeed, when we investigated the frequency of fault bars in feathers in the categories of δ 15 N, we found a significant difference (table 1) . Because fault bars appear as a consequence of stressful conditions (Møller 1989; Bortolotti et al. 2002) , we can infer that the categories of barn swallows may have experienced different wintering conditions in the two areas. This result is contrary to previous stable isotope studies that have found relatively higher δ 15 N values to be related to nutritional stress in birds (Hobson & Clark 1992; Hobson et al. 1993) . Similarly, several researchers have associated relatively larger δ 15 N values in tissues of drought-tolerant herbivores relative to water-dependent species in east Africa (Ambrose & DeNiro 1986 , 1987 Sealy et al. 1987 ), or they have observed general foodweb relationships between δ 15 N values and xeric environmental conditions in Africa (Heaton 1987; Koch 1998) . Environmental conditions in the winter quarters may have long-lasting effects on migratory birds that can carry over to the breeding season. If that is the case, then we should be able to find differences in phenotype between the two categories of adults differing in isotope profile. Indeed, breeding colony size differed significantly between these two categories (table 1) . Likewise, the frequency of second broods and reproductive success in the second brood was related to δ 13 C values. This is consistent with carry-over effects from wintering to the breeding season and so supports the Seasonal Interaction Hypothesis. Alternatively, the two categories of barn swallows (the rare and the common isotope phenotype) might represent individuals with different foraging strategies, even wintering in sympatry. We consider this possibility to be unlikely for several reasons. First, polymorphic foraging specializations are generally associated with polymorphic morphologies. That is the case in sex-specific foraging specializations, but also in other polymorphisms (Ligon 1968; Selander 1966; Shine 1989; Smith 1993 ). Thus, it seems difficult to reconcile a hypothetical case of foraging specialization with an absence of phenotypic specialization. Second, although differences in adult phenotype were related to differences in δ 13 C values (table 1), differences in nestling phenotype were related to differences in δ 13 N (figure 2). Thus, we would have to invoke two different kinds of foraging specialization to account for these differences. The relationship between stable isotope profile and offspring phenotype was very strong. Tarsus length and in particular body mass and T-cell-mediated immune response differed between the two categories of parental δ 15 N (figure 2). These effects of offspring phenotype were independent of each other, because ANCOVAs revealed significant relationships between nestling phenotype and isotope profile even when controlling for the two other phenotypic characters (table 2) . Because nestling body mass is a reliable predictor of recruitment (Møller 1994) , and since T-cell-mediated immune response predicts nestling survival (Merino et al. 2000) , we can infer that the carry-over effects from winter quarters to the breeding season will have a long-lasting effect even on nestlings in the next generation. In addition, previous studies of Tcell-mediated immune response have shown that adults trade offspring quality against their own survival (Saino et al. 1999 (Saino et al. , 2002 . The findings reported here imply that the trade-off between offspring immune response and adult survival may differ among population, perhaps because of differences in the impact of parasite-mediated natural selection.
Stable polymorphism requires that fitness benefits are equal, for example owing to fluctuations in the fitness benefits to the two categories of barn swallows in different years. Alternatively, migration-selection balance, with net immigration from another population being balanced by a selective disadvantage in the Danish breeding population, may account for the polymorphic winter distribution of the Danish barn swallows. Because the more rare population produced heavy offspring, but offspring with weak T-cell-mediated immune responses, it remains unclear whether the rare population is favoured or disfavoured selectively. The more rare fraction of the population for δ 15 N tended to be found in smaller colonies. A possible interpretation is that the natal origin of the rare population for δ 15 N is in an area with weak parasite pressure, with offspring allocating resources to body mass. Because the Scandinavian breeding populations have low population density (Cramp 1988) , this may result in a relatively weaker parasite pressure. Therefore, a preliminary working hypothesis is that the rare Danish population 
